Abstract: Amidoxime-based adsorbents are widely investigated as the main adsorbent in the recovery of uranium from seawater. However, the adsorption rate and loading capacity of such adsorbents should be further improved due to the economic viability consideration. In this paper, the adsorption properties of amidoxime-based adsorbent were enhanced through the cografting of amino groups. The acrylonitrile (AN) and glycidyl methacrylate (GMA) were firstly cografted onto polypropylene fibers by preirradiation grafting technique. Then the cografted fibers were treated with ethylenediamine to convert GMA to amino group, following treated with hydroxylamine to convert AN groups to amidoxime (AO) group. Fourier transform infrared spectroscopy, scanning electron microscopy and contact angle measurement were used to characterize the structure of the adsorbent. The results showed that the amidoxime and amino groups had been successfully grafted onto the polypropylene fibers. For AO fiber, high adsorption rate was observed within the first 30 min and the plateau value of 42.3% uranium loading (0.0904mg/g) was reached at around 30 min. The AO/amine fibers exhibited a higher adsorption rate. The adsorption equilibrium for AO/amine fiber was attained within 20 min, resulting in the adsorption of 93.3% uranium loading (0.191mg/g). Additionally, AO/amine fibers can avoid pH reducing for better adsorption efficiency.
Introduction
Uranium is one of the most valuable metals present in seawater. The concentration of uranium in seawater is remarkably constant at 3.3 mg U/m 3 . [1] [2] [3] Many types of adsorbents have been developed and tested for the recovery of uranium from seawater and aqueous media. To recover uranium from seawater at the price competitive with those from conventional uranium resources, many methods such as solvent extraction [4] [5] [6] [7] ion exchange [8] , flotation [9] , biomass collection and adsorption [10] [11] [12] [13] [14] have been developed. The studies indicate that poly(acrylamidoximes) are the most promising candidate adsorbents for the recovery of uranium from seawater. Therefore, recent studies have been focused on the amidoxime-based adsorbent system [15] [16] [17] [18] [19] [20] [21] .
However, the economic viability of recovery of uranium from seawater still critically depends on the uranium adsorption rate and loading capacity in amidoxime-based adsorbents. It is desirable that the uranium species present in seawater should be instantaneously adsorbed when it comes in contact with the surface of adsorbents. The fast adsorption rate is important not only to reduce the adsorbent inventory but also to avoid the prolong exposure of adsorbent in seawater leading to biofouling. The poly(acrylamidoximes) sorbents with higher loading capacity and sorption rate are more useful in the recovery of uranium from seawater. The possible method of enhancing the sorption rate and uranium loading capacity is to graft the acrylamidoxime groups in substrates with some co-monomers [22] [23] [24] [25] .
Grafted polymers with amine-type ligands may also show high efficiency. Although amine-type adsorbents with emulsion graft polymerization of glycidyl methacrylate have been investigated, there are few published studies on the mixed monomer of AN/GMA and the relationship between the concentration of GMA and the ratio of AN. Also, the uranyl adsorption properties of mixed function groups including amino group and amidoxime group are rarely investigated. In order to improve the uranium sorption rate and loading capacity of amidoxime-based adsorbents, the amidoxime (AO) groups were cografted with amino-type adsorbent groups. The acrylonitrile (AN) and glycidyl methacrylate (GMA) were firstly cografted onto polypropylene fiber by pre-irradiation grafting technique. Then the cografted fiber was treated with hydroxylamine to convert AN groups to AO groups, as well as treated with ethylenediamine to convert GMA to amino-type groups. The adsorption properties of the GMA co-grafted AO fiber to uranyl ion were also investigated.
Results and discussion

Adsorbent characterization
The FTIR spectra of pristine PP, AN/GMA, AN/amine, and AO/amine fibers are shown in Figure 1 . The AN/GMA fibers have a new characteristic sharp absorption band at 2250 cm -1 corresponding to C≡N stretching vibration and at 1730cm -1 due to C=O groups (curve b). However, these absorption bands are not present in the pristine PP fiber (curve a). The bands at 1121 cm -1 , 907 cm -1 , 760 cm -1 are characteristic peaks of epoxy group. Therefore, the two monomers have successfully grafted onto PP fiber. From curve c, the bands at 3280 cm -1 and 1570 cm -1 are corresponding to NH 2 stretching and shearing vibrations, the bands which belong to epoxy disappear, indicating that the AN/GMA fiber is successfully modified with ethylene diamine. The additional bands at 1656 cm -1 (C=N stretching) and 938 cm -1 (N-O streching), and 1573 cm -1 (NH 2 shearing) and the broad band at 3000-3600 cm -1 (N-H, O-H stretching vibrations) are observed in the FTIR spectra for the adsorbent after amidoximation (curve d).This indicates that the nitrile groups (C≡N) are converted to AO groups during the amidoximation process.
The morphologies of samples are observed by SEM as shown in Figure 2 . The structural feature of AO/amine fiber is different to that of the pristine PP fiber. The surface of the pristine PP fiber is smooth, while the AO/amine fiber is rough and protuberant. The SEM morphologies confirm that the grafting occurs at the surface of PP fiber. Wettability of the fiber is characterized via water contact angle (CA) measurement. Surface characterization of PP via water contact angle (CA) measurement is not straightforward due to the inherent roughness and the hydrophobic nature of the PP surface. Therefore, the CA measurements can only be considered as the conjectures of the surface properties. The pristine PP, irradiated PP, AN/GMA fiber samples are also hydrophobic with CAs of 112.49, 110.51, and 87.5° (shown in Figure 3 ), respectively. It presented that the water droplet was partly absorbed beneath the surface after a period of time. The CA of the PP copolymers mentioned above decreased to 104.49, 103, and 78.5° after 30 min, respectively. Afterward, no more water absorption could be detected for the samples, suggesting the sufficient surface coverage. The AO/amine filter adsorbs water very quickly, rendering measurement of the contact angle impossible, which indicated hydrophilic property of AO/amine fibers. This data is consistent with other reported results. Some authors reported that wettability is related to the adsorption properties [26] [27] [28] [29] . The hydrophilic fibers are effective at accelerating uranium diffusion into the pores in the interior of the fiber. Thus, the fiber with higher hydrophilicity may be more efficient in adsorption of uranium.
Adsorption properties of sample
In order to investigate the adsorption kinetics of the AO/amine fiber, approximately 0.025 g of fiber was contacted with 100 ppb uranyl nitrate solutions at pH 8.0 and 25 0 C. For comparison, the adsorption experiment for AO fibers was also performed at the same condition. Figure 4 shows the adsorption amount of uranyl onto fibers as a function of contact time. The ordinate values are given as the percentage of metal ions adsorbed from initial amounts. For AO fiber, high adsorption rate was observed within the first 30 min and the plateau value of 42.3% uranium loading (0.0904mg/g) was reached at around 30 min. The AO/amine fibers exhibited a higher adsorption rate. The adsorption equilibrium for AO/amine fiber was attained within 20 min, resulting in the adsorption of 93.3% uranium loading (0.191mg/g). The amino group as a cografted functional group was found to be effective in improving the uranium adsorption loading and adsorption rate. Certain amounts (0.025g) of AO/amine and AO fibers were put into four different concentrations (0.138×10 -6 , 0.276×10 -6 , 0.829×10 -6 , 1.38×10 -6 , 2.76×10 -6 moL/L) uranyl nitrate solutions at pH 8.0 under continuous agitation until they reached adsorption equilibrium (Shown in Figure 5 ). It was found that the uranyl ion uptake by AO/amine and AO fibers increased almost linearly with an increase in the initial metal ion concentration. The new adsorbent exhibited a higher affinity for uranium. The highest values were found to be 0.728 mg/L and 0.398 mg/L from1000 ppb uranyl ion solution, respectively.
Fig. 5. Amount of uranyl ion adsorbed on the AO/amine fibers at different initial concentrations.
The improvement of the uranium adsorption onto AO/amine fiber can be explained by an increase in the diffusivity and accessibility of the uranyl species to the AO group in the fiber: the amine group coexisting with the AO group attracts water molecules around it to produce pores, which promotes the access of the uranyl tricarbonate ion, UO 2 (CO 2 ) 3 
4-
, as the predominant species to the AO group, and increases the diffusion rate of the uranyl species into the interior of the adsorbent through the pores. In addition, the neighboring amino group can stabilize the complex of the uranyl species with the AO group. Actually, amino groups are as well as the functional groups which can coordinate with uranyl ion. A quantitative evaluation of these contributions to the uranium adsorption is difficult now and will be studied further.
The pH of the aqueous solution affects the surface charge of the adsorbents as well as the degree of ionization and speciation of the solute. The adsorption of uranyl on AO/amine and AO fibers was studied varying the solution pH from 2.0 to 8.0. The percentage of adsorption increases with increasing pH value reaches a maximum at pH 6.0 and then remains almost constant ( Figure 6 ). It was investigated that the adsorption of AO and AO/amine fiber for uranyl strongly relied on the pH value. At low pH, the H + competition with uranium binding sites limits the uptake efficiency. Increasing pH value of the aqueous phase is benefit to the adsorption of AO/amine fibers for U(Ⅵ). For an initial concentration of 100 ppb, the amount adsorbed was found to be 0.0849 mg/g (95.1%) and 0.206 mg/g (92.8%), respectively, at pH 6.0. Experimental results show that for AO fibers the final pH of the solution after adsorption was about 5.3, which indicates that H + ions are released by exchange mechanism with the removal of U(VI). The corresponding adsorption equilibrium equation was expressed as follows [30] : The amino group can adsorb uranyl ion as well as react with H + to avoid decrease of pH. Hence in the pH range, amino group can avoid pH reduces remarkably after ion exchange and complexation. Thus, amino group of AO/amine fibers can improve the adsorption of U (Ⅵ) efficiently.
Conclusions
To improve the uranium adsorption rate and loading capacity of amidoxime-based adsorbents, the amidoxime (AO) groups are cografted with amino-type adsorbent groups. The grafting of AO and amino groups were confirmed by the characterization of Fourier transform infrared spectroscopy and SEM. The results of contact angle measurement indicate that the cografting of amino type group to the AO fiber could enhance the wettability. The experiment of uranium adsorption indicate that the AO/amine fiber have 2 times better loading capacity than AO fiber. The reason is that the amino group can also adsorb uranyl ion. So, the AO/amine adsorbent is a potential material for the recovery of uranyl from seawater.
Experimental
Materials and methods
Polypropylene (PP) fiber was supplied by Weijun Co. Ltd (Dongguan, China). Glycidyl methacrylate (GMA) was purchased from TCI Chemistry Co. Ltd, Feng Xian District (Shanghai, China). Acrylonitrile (AN), ethylenediamine (EDM), hydroxylamine hydrochloride (NH 2 OH·HCl), and 1,4-dioxane were purchased from Zhiyuan Chemical Reagent Co. Ltd (Tianjing, China). These reagents were of analytical grade and used without further purification. A 3 (w/v) % solution of hydroxylamine hydrochloride was prepared using 50/50 (v/v) % water /methanol as the solvent, and its pH was adjusted to 7.0. The EDM solution was prepared by mixing EDM with 1, 4-dioxane (used as solvent) in volume ratio of 1:1.
Preparation of the AO/amine fibers
Adsorbents containing AO and amino groups were prepared by preirradiation graft polymerization and subsequent chemical modifications.
First, AN and GMA were cografted onto polypropylene fibers by a preirradiation technique: irradiation by γ-ray was performed in an atmosphere at room temperature using a 60 Co resource. The dose rate was set to 88 Gy/min. The total concentration of the two monomers was set at 50 (v/v) % in 1, 4-dioxane as the solvent. The resultant fiber was referred to as AN/GMA fiber.
Second, the AN/GMA fibers were immersed in the EDM solution at 353 K for 2 h to convert the GMA to amino group, following by immersed in the hydroxylamine solution at 353 K for 2 h to convert the AN to AO group. The resultant fibers were referred to as AO/amine fibers. Third, the AO/amine fibers were immersed in 2.5 (w/v) % NaOH solution at 353 K for 1 h. Prior to uranium adsorption experiments, the fibers were repeatedly washed with deionized water.
For comparison, the adsorbent with only AO groups were also prepared using the same procedure. The resultant fibers were referred to as AO fibers.
Characterization of the cografted fibers
FTIR spectra of the pristine and grafted PP samples were obtained on a spectrometer (NICOLET 5700 FT-IR). Each spectrum was collected in the range of 4000-400 cm -1 by cumulating 100 scans at a resolution of 4 cm -1 . The scan speed was set at 0.5 cm/s. Baseline was corrected for all spectra using the Perkin-Elmer Spectrum software. The surface morphology of the PP samples before and after grafting was observed under a scanning electron microscopy (SEM, Hitachi S-3000N). The wettability of the fibers was measured using a contact angle meter (JC 2000X). A drop of water was placed on the polymer surface, and the contact angle was determined at 293 K.
Adsorption experiments
All the fiber adsorbents were subjected to a pretreatment that involved contact for 2 h with a 2.5% NaOH solution at 353 K. A known amount (0.025 g dry fiber) of wet sample was then placed into uranium ion solutions (50 mL). To obtain information on the relative performance of the adsorbent in kinetic terms, the adsorption of uranium ion from 100 ppb standard solutions at pH 8.0 and 25 0 C were followed as a function of time, samples being taken for evaluation at 10, 15, 20, 25, 30, 40, 60 , and 120 min intervals. Kinetic studies were conducted using four different initial concentrations (0.138×10 -6 , 0.276×10 -6 , 0.829×10 -6 , 1.38×10 -6 , 2.76×10 -6 moL/L) of U(VI) at 25 0 C. The effects of solution pH (2-8) on U(VI) adsorption were studied. The remaining uranium ion concentrations after adsorption were determined by using an Inductively Coupled Plasma (ICP) analyzer (Thermo Scientific iCAP 6000 series). The metal uptake (E) was calculated as follows:
where W is the weight of the dry adsorbent (g); V is the volume of the uranium ion solution; C i and C f are the initial and remaining concentrations of metal ions in mg/L (ppm).
